For many rural communities, treating domestic wastewater efficiently and cost-effectively is a challenging task. Environmental issues, financing of construction costs, and the bottom-line cost to the consumer complicate this effort. Increasingly stringent discharge standards have resulted in a growing number of permit violations from small, "conventional" treatment systems. Many rural communities have discovered that their existing systems (e.g., facultative lagoons) provided excellent service in the past but have become obsolete due to new discharge standards. These communities simply cannot afford to own and operate the highly sophisticated tertiary treatment facilities these new regulations require.
As a result, funding agencies have looked more favorably to "regional" solutions that can achieve consistent, high-quality discharge. In most cases, the regional solution is a centralized treatment facility to which surrounding communities pump their sewage. In many instances, communities must pump extremely long distances to reach the regional treatment facility. This means that communities, and, therefore, funding agencies, are putting most of their money into pumps and piping instead of treatment.
What small rural communities need is a decentralized wastewater treatment system that is inexpensive to construct, simple to operate, and achieves consistently high levels of discharge quality, even with small flows. Having such a system would allow a paradigm shift whereby funding agencies could support decentralized treatment and regional management of numerous decentralized treatment systems.
The ReCip@ System
Scientists at the Tennessee Valley Authority's (TVA) Constructed Wetlands Research Center have developed and are continuing to refine an innovative decentralized wastewater treatment system referred to as ReCip, reciprocating water technology system. The novel, subsurface-flow system was designed to provide aeration to wastewater by alternately filling and draining paired wetland cells on a defined and recurrent basis.
While the scientists achieved limited success in aerating the wastewater, they subsequently discovered that, despite this limited aeration of the wastewater, the system achieved excellent wastewater treatment due to frequent exposure of biofilms to sequential aerobic, anoxic, and anaerobic environments . Biofilms that coat the gravel substrate consist mainly of bacteria and other singlecelled organisms, which are functionally similar to those cultivated to biodegrade sewage in conventional wastewater treatment plants.
TVA patented the ReCip process in 1999. Subsequently, several exclusive and nonexclusive licensing agreements have been assigned to expedite the deployment of the technology for various wastewater treatment applications (Behrends et al. 2000) . To date, ReCip systems have been designed, constructed, and operated to biodegrade refractory and high-strength compounds, such as airport deicers, food processing wastewater, fertilizer nutrients, explosives, heavy metals, and high-strength wastewater from concentrated animal feeding operations (Behrends et al., 2000) .
ReCip Operation
While the biological and chemical processes that occur within the treatment cells are complex, the operation of the overall treatment system is very simple. The physical size (length, width, and depth) of the cells is based upon data compiled from experiments and previous installations. The timing for the alternate fill and draw cycles, the total hydraulic residence time, and the type and size of the aggregate layers in the system are also important design characteristics that are considered trade secrets and are protected by TVA's patent.
Once the ReCip system has been constructed, operators must ensure that the pumps and other pieces of mechanical equipment (timers, pumps, valves, etc.) are working correctly. Operators may also be required to conduct effluent sampling as specified in the discharge permit.
Aquatic and terrestrial plants selected for culture in the treatment cells should be conducive to wastewater treatment. Generally, woody plants and noxious weeds should not be allowed to grow in the cells, and the cells should be "weeded" by hand on a quarterly basis. Although flowering, ornamental, and traditional wetland species can add marginally to treatment effectiveness, they provide wonderful aesthetic value, making the wastewater treatment system look like a garden.
ReCip systems are able to achieve tertiary levels of wastewater treatment with respect to BODS, ammonia-nitrogen, and nitrate-nitrogen. This is possible because the system operates in all three typical wastewater treatment regimes (aerobic, anoxic, and anaerobic), on every fill and drain cycle. lined treatment cells are filled with gravel on which an active and diverse biofilm is growing (Figure 1 ). The first cell is filled nearly to the top with liquid wastewater (solids are removed from the waste stream prior to reaching this cell). Approximately a foot of wastewater remains in the bottom of the second cell. Pumps located in the first cell are activated by a programmable timer that begins to pump wastewater to the second cell. The depth of the first cell gradually decreases while the depth of the second gradually increases.
As the liquid level in cell 1 drops, successive layers of gravel are exposed to atmospheric oxygen. Wastewater that clings to each stone contains high levels of dissolved organic matter and ammonia, both of which are oxidized by the biofilm upon exposure to the air. In the presence of oxygen, organic matter BOD5 is converted to carbon dioxide and water, and the ammonia is converted to nitrate-nitrogen. Anaerobic decomposition of organic matter and bacterial sludge continues to occur in the The system works accordingly: two, activated sludge process, the operator must keep the aeration high enough to provide the mixing and dissolved oxygen needed for optimal microbial growth, but low enough to produce a large, good-settling floc. Operational problems due to poor settling may be caused by a variety of factors. In most cases these operational problems develop when the wrong type of microorganisms dominate the activated sludge
The level of dissolved oxygen in some treatment systems may be controlled through the recirculation rate. In the case of a fixed-film process, such as a sand filter, natural aeration is provided as the wastewater flows over the media. To increase the dissolved oxygen, the rate of recirculation is increased. The operator must find the proper recirculation rate to provide good oxygen transfer but not overload the system hydraulically.
Natural aeration also occurs in systems such as a lagoon or constructed wetland. These systems must be operated with natural aeration in mind so that sunlight, wind, and wave action are able to provide the dissolved oxygen needed for the system. and phosphorous, are needed by all living organisms. To keep the bacteria healthy, these nutrients must be present and available to the microbes. Nutrients are normally readily available Nutrients, such as carbon, nitrogen, maintenance to remain functional. In the case of the so-called natural systems, such as constructed wetlands, a high level of hands-on physical labor to keep the system operational may replace mechanical maintenance.
will require some level of on-going maintenance. A small system may be able to function well with only a parttime operator, but preventive maintenance must be addressed if the system is to continue to provide a high level of treatment. The type of maintenance needed is specific to the treatment process, and a maintenance program of any wastewater treat-
Every wastewater treatment system
Personnel and Finances al wastes and some recycled flows within the wastewater plant may not provide these nutrients in the proper ratio to keep the right types of microbes growing. Nutrient addition may be required in these situations to keep the proper type of microorganisms growing and healthy.
depends upon a complex ecosystem of microbes. Operational controls may need to be adjusted to keep the proper mix of microbes to produce a good quality effluent. The operator must be aware of the growth factors affecting the microbes and understand how to adjust the treatment process to provide these growth factors.
Maintenance
Often we hear the term "low maintenance" used to describe a particular treatment process, especially for small systems. Low maintenance often means that energy costs or equipment requirements are low for the system. However, any treatment system that uses mechanical equipment must receive regular
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The wastewater treatment process the resources needed to continue to produce high-quality effluent.
Management of these systems must begin with an understanding of the operational skills required to keep the system functioning. Qualified operators must be engaged either as part-time or full-time employees to operate and maintain the equipment. The management process must include policies and procedures that clearly establish the roles and responsibilities of all personnel. Adequate staff must be supplied and given the authority to properly operate and maintain the system. Many small systems may be able to contract with others to provide the necessary operational and management skills.
The management of these systems will also require the establishment of a financial structure that can generate the resources needed to run the facility and oversee the proper spending of revenues. Many small facilities have used existing administrative systems, such as public water districts, to provide services for billing and revenue collection. In addition to revenue generation, the facility must have established financial policies and procedures that govern the allocation of revenues to keep the system functional. The system should be managed so that funds are generated to pay current costs and provide long-term replacement costs for all capital equipment. Financial checks and balances must be provided to accurately track expenses and revenues and for the preparation of an annual expense report. The financial records must be managed and used to plan for future needs.
These systems will require all of the same management functions, planning, staffing, organizing, budgeting, and controlling, that a small company or other utility might require. If any one of these management functions is overlooked, the small wastewater treatment system will not be able to remain functional and provide users with an adequate level of service.
With new technology and "thinking outside the box," we have the opportunity to build small, decentralized wastewater treatment systems that provide high-quality treatment for a reasonable cost. This type of decentralized treatment can best serve many small communities, including resorts with intermittent use and geologically challenged sites. However, these small systems will require operation, maintenance, and management to keep them operating as designed.
Providing the human resources needed by these systems over the long term will determine the ultimate success of decentralized wastewater treatment. As we discuss the technical, regulatory, and financial issues surrounding these systems, we also need to discuss the training and ongoing commitment that will be required to keep these systems operationally sound and protecting our very important water resources. wastewater contained in the bottom foot of the cell.
While cell 1 is draining, cell 2 is filling with anoxic wastewater (oxygendeficient wastewater containing nitratenitrogen). Under low-oxygen conditions, BOD that has not been consumed in cell 1 provides a carbon source for the biofilm in cell 2 to convert nitrates into nitrogen gas (N2). This process continues until cell 2 has reached its maximum level. After a rest period, the cycle is reversed-cell 2 drains while cell 1 re-fills. Aerobic activity occurs in cell 2 as it drains, and the substrate biofilm is once again exposed to atmospheric oxygen. Anoxic activity occurs in cell 1 as it refills. Anaerobic activity continues to occur in both cells in the "heel" at the bottom.
Operating in all three regimes simultaneously is very important for removal of mixed metals, nitrification/denitrification, and breakdown of many recalcitrant compounds (Zitomer and Speece, 1993; Reddy and D'Angelo, 1997) . The drain cycle also allows supersaturated metabolic gases, such as carbon dioxide (COz), to pass from biofilms into the atmosphere. Off-gassing of C02 helps maintain near-neutral pH and promotes abiotic precipitation of calcite and phosphorus compounds of low solubility . Furthermore, many of the odorproducing compounds, such as hydrogen sulfide, resulting from anaerobic processes are oxidized during the aerobic process, and, thus, objectionable odors can be controlled.
Pollutant degradation occurs in these systems at a remarkably fast rate. TVA data suggests that, even under extreme loading conditions (Le., BOD concentrations greater than 800 mg/L), 90 percent reductions are achieved in the first 12 percent of the total hydraulic residence time. The remaining hydraulic residence time is required to polish the effluent to tertiary levels. This is important since ReCip systems are not generally batch loaded. As it becomes available, wastewater is introduced into the systems. Complete mixing is quickly achieved, and rapid degradation of pollutants ensures con tin uou s, h ig h-q ual i t y eff I uen t.
Collection and Treatment Infrastructure
ReCip systems are currently designed to treat liquid waste; however, TVA is also developing a new generation of ReCip systems that will also allow treatment of solids. For the majority of domestic applications, this means that for now, each dwelling or group of dwellings must have a septic tank with in-tank filters to remove solids. The collection system will then convey liquid waste to the ReCip system, where the waste will be treated. Post-treatment effluent disposal may be accomplished by a variety of means, including stream discharge, subsurface irrigation, or beneficial reuse. Decentralized systems designed to collect and transport liquid waste are much less costly than traditional sewer systems (Crites and Tchobanoglous, 1998 and do not require manholes for access. Residents will still need to pump out their septic tanks every three to five years, but the normal problems associated with septic VStems-deteriorating drainfields-will no longer exist. In a typical residential subdivision with a ReCip installation, the sewage collection system would start at a septic tank owned and maintained by the homeowner. The small-diameter collection system would begin immediately downstream of the septic tank and terminate at the treatment facility . m train redundancy; therefore, at least two pairs of cells will be required. The treatment process is as follows:
is in the "pumped-down" stage.
2. As partially treated water in cell 2 is pumped into cell 1, the water level rises to a pre-determined level equal to the volume of the sewage that entered the system, overflows into cell 2. When cell 1 is pumped down, the water level in cell 2 rises to a predetermined level, and any excess overflows into the effluent disposal portion of the system. Pumps and pumping intervals are controlled by commercially available, programmable timers and float assemblies. Depending on the ultimate destination of the effluent, the disposal portion of the system may require disinfection, such as ultraviolet irradiation or chlorination-dechlorination. Following treatment and disinfection, effluent may be discharged to a receiving waterway or onsite irrigation or it may be pumped to a more distant reuse area. For systems that are designed/built for beneficial reuse ( e g , industrial, cooling water, commercial, golf course irrigation, etc.), additional pumps and piping will be required.
costs Capital Costs
ReCip systems and associated infrastructure will always be less expensive to build and operate than conventional systems. The primary reason for this is that these systems are ideally suited to, and can be optimized for, decentralized applications. Capital funds will not be required for obtaining property to construct long transmission mains required for transporting sewage to distant treatment facilities.
Collection systems for decentralized systems use small-diameter and watertight pipes and thus are significantly less expensive to build and maintain than typical sewers. Homeowners will pay a commercial septic tank cleaning company to pump out their tanks about every three to five years, depending on usage. Alternatively, a homeowner's association or the utility owner could provide this as a service, paid for in the monthly fee. Septic tank cleaning companies are available in most communities and usually have existing agreements with large, municipal wastewater treatment plants to dispose of residual solids collected in the cleaning companies' service areas.
Operation and Maintenance Costs
ReCip systems offer a distinct capital cost advantage compared to conventional wastewater treatment systems. Truly significant savings are realized in operation and maintenance (O&M) costs, and therefore, in the life-cycle system cost.
Small, conventional wastewater treatment systems that produce tertiary-quality effluent with nutrient removal equal to that produced by ReCip systems are typically designed as activated sludge facilities. These facilities expend large amounts of energy aerating and mixing the highly concentrated microbial biomass (activated sludge) that is required for treating the wastewater. Unless these treatment plants are batch loaded, several recycles must occur. For example, in order to reduce nitrate nitrogen by 80 percent, the daily flow through the conventional plant must be completely recycled four times. This not only has implications for the energy costs associated with the recycle pumping, but also impacts the size of the basins required to hold up to 500 percent of the daily flow. Also, these plants typically require secondary clarifiers (which add chemicals such as flocculant-aiding polymers and phosphorus precipitators), tertiary filters, and disinfection facilities. Additional chemicals may be required to stabilize the pH of the plant to a specified level to ensure that the pH-sensitive chemical reactions can occur. Highly trained operators need to be intimately familiar with microbiology and process chemistry in order to verify that activated sludge plants are running at optimal conditions. Conventional treatment plants require constant monitoring.
Conversely, ReCip systems only require the paired cells and the disinfection system. The only energy used by ReCip systems is that which is necessary to pump the water from one cell to the other. High-volume, low-head, energy efficient pumps are ideal for this application. Rapid oxygen transfer occurs at the surface of the biofilm as it is exposed to air. No energy is wasted in attempting to mechanically dissolve oxygen in the water for use by the biomass. Because it is not necessary to produce a highly concentrated biomass to degrade the sewage, no excess sludge (which must be disposed off-site) is produced. Chemicals are not necessary to maintain proper p H because the recurrent aerobic and anaerobic processes provide a balanced buffering system. ring biological processes. Unless permits specifically require something different, treatment plant operators will be able to check the status of several ReCip systems remotely to determine if they are running correctly. All of these factors contribute to vastly reduced operation and maintenance costs for ReCip sysThis is all accomplished via naturally occurtems. Over the life cycle of a treatment plant, these savings will be significant.
Conclusion
There are many benefits to operating decentralized wastewater treatment facilities (EPA, 1997); however, increasingly stringent permit limits have made it difficult for rural communities to own and operate the highly technical and sensitive conventional wastewater treatment facilities that are able to achieve tertiary levels of treatment. The cost of installing pipelines to carry sewage to tertiary-level treatment facilities is exorbitant and will not be offset by revenues generated at the plants. If soil conditions are poor and onsite disposal is not a viable option, many communities are finding themselves with no ability to handle their existing sewage load, much less plan for any future growth. treatment to such communities without the usually attendant, huge overhead burden associated with full-time staff, high energy costs, high repair, and preventive maintenance costs, as well as costs associated with chemical use. ABSTRACT: This paper describes the scientific principles of Darcy's law and hydraulic resistance as they relate to the in-ground dispersal of onsite wastewater effluent. A clear understanding of how water moves into the ground via dispersal trenches is needed to facilitate proper system design and effect some standardization of dispersal trench sizing and design. Hydraulic conductivity of the media, hydraulic head, media I movement into the soil. Restricti tration rates and long-term soil ac ductivity characteristics.
er thickness, and area of infiltration are key in determining water media layers, such as fines or biomat, are shown to control infilptance rates of septic tank effluent because of low hydraulic coni
In the US., a conventional onsite wastewater system consists of a septic tank and a subsurface soil absorption system (commonly called a dispersal field, a drainfield, or a leachfield). Typically, these effluent dispersal systems consist of several narrow trenches filled with a porous media such as gravel. The gravel media functions to maintain the structure of the trenches, to distribute the effluent to the soil infiltrative surfaces, to provide storage capacity during peak discharges, and may help provide a limited amount of effluent treatment (Kreissl, 1982) .
Dispersal trenches are designed to allow the applied septic tank effluent to infiltrate into the soil below and around the trenches for treatment area. However, the rate of infi ration into the subsurface may be S a d y influenced by a number of factors, both naturally occurring and as a result of how the dispersal systems are designed and constructed. Currently, there is little regulatory standardization for how to accurately determine infiltration rates and size (or configuration) of dispersal systems. Standard effluent dispersal methods based upon scientific principles are needed to optimize infiltration and to better protect water quality and public health.
Soil structure and character obviously affect infiltration rates, but hydraulic and organic loading, as well as dispersal trench construction materials and configurations, also impact infiltration performance. As effluent is applied to the dispersal field, a biomat develops on the infiltrative surfaces of the trenches. Functionally, the biomat transport it away from the drain / ' gical treatment unit and lerated by increasing either ic or organic loading rate present in gravels used to construct conventional dispersal trenches, can accumulate along the trench bottom and also impede infiltration. These low hydraulic conductivity (K) layers (biomat and fines), individually or collectively, can greatly reduce the effective hydraulic conductivity (KEFF) and infiltration rates independent of the insitu soil material (Amoozegar and Niewoehner, 1998) . Bouma (1 975) also described the hydraulic resistance in specific soil layers and unsaturated flow characteristics as being key factors in effluent infiltration.
As the onsite industry continues to grow, there is increased interest in the development and use of alternative dispersal systems. Alternative subsurface drainfield technologies provide a convenient and economical alternative to conventional gravel systems, and use of alternative dispersal systems has grown dramatically over the last several years. In fact, in some areas, alternative drainfield technologies are the mechanism most often used for distributing septic tank effluent in trench disposal systems.
In seeking approval for alternative dispersal systems, manufacturers often compare the hydraulic performance of their system to that of conventional gravel systems. In many cases this comparison serves as the basis of developing sizing criteria. Standardization of sizing criteria based upon scientific principles is important to ensure the long-term effectiveness of these systems.
The infiltration of water into a soil media is described using Darcy's law, which is universally accepted as the soil physics principle describing saturated flow through a porous media. The use of Darcy's law to determine effluent flow from a dispersal trench is complex and sometimes misunderstood. An example is the concept of trench-media (gravel) shadowing, which is often misunderstood and not consistent with the Darcy description of flow through porous media.
This shadowing concept suggests that solid trench media (gravel) completely blocks the movement of water directly beneath the media itself. Saturated infiltration is a %dimension-al phenomena, where water moves around soil (and trench media) particles and through pores into the soil matrix. Darcy described this flow rate (Q) through porous media (soil and/or trench media) as being influenced by several factors, including the hydraulic gradient, the soil characteristics, and cross-sectional area. The cross-sectional area term includes both the media and the openings between the media.
